Understanding the basic neuronal building blocks of the neocortex is a necessary first step toward comprehending the composition of cortical circuits. Neocortical layer VI is the most morphologically diverse layer and plays a pivotal role in gating information to the cortex via its feedback connection to the thalamus and other ipsilateral and callosal corticocortical connections. The heterogeneity of function within this layer is presumably linked to its varied morphological composition. However, so far, very few studies have attempted to define cell classes in this layer using unbiased quantitative methodologies. Utilizing the Golgi staining technique along with the Neurolucida software, we recontructed 222 cortical neurons from layer VI of mouse barrel cortex. Morphological analyses were performed by quantifying somatic and dendritic parameters, and, by using principal component and cluster analyses, we quantitatively categorized neurons into six distinct morphological groups. Additional systematic replication on a separate population of neurons yielded similar results, demonstrating the consistency and reliability of our categorization methodology. In the present study, we focused on layer VI of the mouse barrel field in the somatosensory cortex (S1). The barrel cortex
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The neocortex is composed of six distinct layers, with each layer containing different morphological phenotypes that presumably subserve different processing roles (Mountcastle, 1997) . For example, the excitatory spiny stellate cells and small pyramidal neurons in layer IV receive strong thalamocortical input (see Davis and Sterling, 1979; White, 1989) . By contrast, the excitatory neurons of the infragranular layers (V and VI) are composed predominantly of larger pyramidal cells (Jones, 1984; White, 1989; Rocco and Brumberg, 2007) . Although layer IV is the principal input layer, layers V and VI originate most of the cortical output (Jones, 1984; White, 1989) . Within the infragranular layers, layer VI is of particular interest, primarily because of the diverse population of neurons and its complicated microcircuitry. Layer VI receives thalamic and cortical inputs and gives rise to corticothalamic feedback projections as well as corticocortical, corticoclaustral, and commissural fibers (Tombol, 1984; Katz, 1987 ; Brumberg et al., 2003; Chakrabarti and Alloway, 2006). Therefore, this layer is at the pivotal point to affect thalamocortical/ corticothalamic loops, which may gate the information that ultimately ascends to the cerebral cortex.
As a first step toward understanding the structural and functional relationships within layer VI, studies have linked some characteristic neuronal morphologies with specific functional classes (Katz, 1987 In the present study, we focused on layer VI of the mouse barrel field in the somatosensory cortex (S1). The barrel cortex
Preparation of animals and tissue processing
Animals (CD1 mice, N ‫؍‬ 7) of either sex at 80 -90 postnatal days (PND) of age were randomly selected and anesthetized with an intraperitoneal injection of Euthasol (Virbac AH, Inc). All procedures were in accordance with the Queens College, CUNY Institutional Animal Care and Use Committee (protocol No. 100) and National Insitutes of Health guidelines concerning the responsible use of animals in research. The brains were immediately removed and rinsed in 0.1 M phosphate buffer (PB; pH 7.13) for 3 minutes. After the PB rinse, retrieved brains were immersed in a Golgi-Cox solution comprising potassium dichromate, mercuric chloride, and potassium chromate. This mixture of solutions was replaced once after 12 hours of initial immersion, with storage at room temperature in darkness for 2-3 weeks.
After the immersion period in the Golgi-Cox solution, the embedded brains were transferred to a cryoprotectant solution (FD Rapid Golgi Stain Kit) and stored at 4°C for at least 1 week in the dark before cutting. The brain slices were sectioned in the coronal plane at approximately 200 -250 m thickness on a freezing cryostat (approximately -25°C). To prevent ice crystal damage, tissues were rapidly frozen with dry ice and quickly embedded in optimal cutting temperature (OCT) medium. Sliced tissues were transferred onto tripledipped gelatin slides and were coated with additional cryoprotectant solution. Cut sections were air dried at room temperature in the dark for at least 2-3 weeks before further processing. After drying, sections were rinsed with distilled water and were subsequently stained in a developing solution (FD Rapid Golgi Stain Kit) and dehydrated with 50%, 75%, 95%, and 100% ethanol. Finally, the sections were defatted in xylene substitute and coverslipped with either Permount (Fisher Scientific, Fair Lawn, NJ) or SHUR/Mount (Triangle Biomedical Sciences, Inc.).
Identification of barrel field and cortical layer VI
Barrel cortex location was identified by observing the characteristic clusters of cells that are typically found in granular and supragranular layers (see Fig. 1A ) and by matching with a previously published atlas of Golgi-stained mice brain (Valverde, 1998) . In the rostral-caudal axis, the barrel cortex was defined by the initial appearance of the anterior commissure. Golgi-impregnated neurons were located with respect to the layer VI boundaries. Subdivision of layer VI can also be observed, in which VI a borders the large pyramidal neurons of layer V (Fig. 1B) whereas VI b is immediately lateral and superior to the white matter (Fig. 1C) . Layer VI neurons were obtained at all depths, providing an unbiased sampling of morphologies. Images were acquired from prepared slides using a ؋10 air objective lens on a Nikon E4 microscope. These images were used to keep track of which neurons had been reconstructed.
Neuronal selection and reconstruction
Neurons were viewed with Neurolucida 7.5 software (MBF Bioscience, Inc.) and an Olympus Bx51 microscope equipped with a high-resolution digital camera (Optronics Microfire), a mechanical stage (Ludl, Thornwood, NY), and an x-y-z axis encoder connected to a Windows Pentium 4 PC. Each neuron was scanned under high (؋20, oil immersion, NA ‫؍‬ 0.8) magnification by varying the depth of the Z plane, to ensure that all parts of the cell (especially dendrites) were intact. Dendrites that tapered to a point were assumed to be complete and uncut. Typically, the reconstructed neuronal somata were located at ϳ100 m to the section surface, although a few exceptions exist. Only the neurons that exhibited complete Golgi impregnation with a limited amount of staining artifacts were traced.
Two hundred twenty-two neurons were selected from layer VI of the neocortex (animal 1: n ‫؍‬ 50 neurons, animal 2: n ‫؍‬ 52 neurons, animal 3: n ‫؍‬ 48 neurons, animal 4: n ‫؍‬ 21 neurons, animal 5: n ‫؍‬ 17 neurons, animal 6: n ‫؍‬ 21 neurons, animal 7: n ‫؍‬ 13 neurons). 3D neuronal reconstruction took place under a ؋60 objective (oil immersion, 1.4 NA) of an Olympus Bx51 microscope.
Statistical methods of classifying neuronal groups
The software NeuroExplorer (MBF Bioscience, Inc.) was used to conduct various morphological measurements. Specific morphological characteristics including somatic shape and size, dendritic structure, and branching patterns were analyzed. For each reconstructed neuron, we measured the following 10 somatic and 25 dendritic components: 1) Somatic perimeter and 2) somatic area and all somatic measurements, referring to an XY projection because all somata were reconstructed as a 2D image at the plane of sharpest focus; the plane of the sharpest focus is typically calculated, for each neuron, at the midpoint of where the Z-plane first and last focuses for that particular neuron; 3) somatic feret maximum, referring to the longest diameter of the soma, and 4) somatic feret minimum, the longest diameter perpendicular to the feret maximum; 5) aspect ratio ‫؍‬ (feret max)/(feret min); as aspect ratio approaches 1, it is indicative that the soma is closer to a symmetric shape (e.g., circle or square); 6) somatic compactness ‫؍‬ [͌(4/) ؋ area]/(feret max); numerical values of somatic compactness closer to 1 represent a more compact soma; 7) convexity ‫؍‬ (convex contour)/(perimeter); this parameter is indicative of the somatic morphological profile; higher somatic convexity yields to more indentations, which translates to higher estimated surface area to cellular volume ratio; 8) somatic form factor ‫؍‬ (4 ؋ area)/(perimeter 2 ); this value directly reflects the complexity of somatic perimeter; a higher numerical value represents a more complex somatic perimeter; 9) somatic roundness ‫؍‬ (4 ؋ area)/( ؋ feret max 2 ), i.e., similar to compactness but making it easier to differentiate objects with small compactness values; 10) somatic solidity, the ratio of somata area as a whole over convex area, where values closer to 1 represent more solid (i.e. smooth, uniform) somata; 11) quantity of apical dendrites; 12) quantity of apical dendritic nodes (including bifurcating as well as trifurcating nodes); 13) quantity of apical dendritic endings; 14) total length of apical dendrite in micrometers; 15) mean length of apical dendrites in micrometers; this number is derived from taking total length of apical dendrites and divided by the number of apical dendrites; 16) total surface area of apical dendrites; 17) mean surface area of apical dendrites; 18) total volume; 19) mean volume of apical dendrites; 20) quantity of basilar dendrites; 21) quantity of basilar dendritic nodes; 22) quantity of basilar dendritic ends; 23) total length of basilar dendrites; 24) mean length of basilar dendrites; 25) total surface area of basilar dendrites; 26) mean surface area of basilar dendrites; 27) total volume of basilar dendrites; 28) mean volume of basilar dendrites; 29) quantity of total dendrites; this includes the summed number of apical dendrite and the basilar dendrites in a particular neuron; 30) quantity of total dendritic nodes; 31) quantity of total dendritic ends; 32) total dendritic length, i.e., regardless of basilar or apical, the summation of the total dendritic length; 33) mean dendritic length, i.e., regardless of basilar or apical, the mean of the overall dendritic length; 34) total dendritic surface area; and 35) mean of total dendritic surface area.
After the compilation of descriptive variables, a principal component analysis (PCA) was conducted to determine which morphological variables accounted for the greatest degree of variance within the traced cell sample. One concern is that the PCA is influenced more by variables with larger absolute numbers (e.g., the total dendritic length in micrometers) than smaller numbers (e.g., number of dendritic nodes). To address this concern, we normalized each variable across the reconstructed neuronal sample using Z-scores transformation. Another concern is the high correlations between two variables; hence, we would eliminate one of the two variables to avoid double-weighing on the cluster analysis. After the selection of significant principal components (with absolute loading values ‫؍‬ 0.7), we conducted a cluster analysis using Ward's method (Ward, 1963) and Euclidean distance, which, based on several Monte Carlo tests, is a highly reliable and valid method for population clustering (for review see Scheibler and Schneider, 1985) . The neuronal groups and subgroups were identified in Statistica (StatSoft, Inc.) based on the factor loadings of specific measurements of somata and dendrites.
Postclustering validation
A number of methods were performed "post hoc" in order to support the validity and the reliability of our clustering scheme. Each methodology provides added validity from several different aspects such as location of soma with respect to cortical plate, dendritic fanning pattern as a function of distance away from the soma, and dendritic branching polarity across the clustered neuronal groups.
Systematic replication. In addition to our original N ‫؍‬ 150 population of neurons, we reconstructed another separate population (N ‫؍‬ 72) of neurons from an independent group of animals comprising four mice. The statistical methods and the morphological variables that were employed for this separate population of neurons were identical to what was described above. This systematic replication was conducted to support the reliability, validity, and consistency of our initial morphological classification scheme.
Laminar location of somata. Location of neuronal somata in relation to the cortical plate thickness supports the notion that the reconstructed neurons are indeed within layer VI. For each reconstructed neuron, laminar data are exemplified by the following measurements: the shortest distance from pia mater to soma (PIA-SOMA), the shortest distance from pia mater to the most distal dendritic process (PIA-DISTAL), and the shortest distance from the white matter to pia (WM-PIA), which bisects the soma of that particular neuron. From the obtained measurements, we calculated two metrics: the ratio of somatic location over cortical plate thickness (PIA-SOMA/ WM-PIA) and the ratio of distal process over cortical plate thickness (PIA-DISTAL/WM-PIA).
Sholl analyses. Based on Sholl's (1956) method, concentric spheres were placed around the center of each cell's soma. These concentric spheres increased in preselected radii of 10 m. Such analyses provide useful information regarding the number of dendritic intersections, nodes, endings, spines, and length of dendrites passing through the shells within each incrementing sphere. An ANOVA was performed for the number of dendritic intersections, spines, and nodes. These variables were withheld from the original PCA list and did not participate as the loading factors that determined the neuronal clustering.
Dendritic fanning polarity. From the center of each cell's soma as the pivot point, 12 pie-shaped regions were created, with each region occupying a 30°angle. Arbitrarily setting pia mater as 0°and white matter as 180°, we analyzed the total dendritic length that falls under the particular jurisdictions of the wedged regions. Furthermore, we corrected the cerebral hemispheric (left vs. right) orientation by flipping the left hemispheric images 180°. We arbitrarily set the lateral/inferior direction as 90°and the proximal/superior direction as 270°(in terms of gross anatomy of the brain). We flattened the Z-axis and investigated only the XY plane. This was accomplished by selecting the "3D wedge analysis" function that is included in the Neurolucida 7.5 software package (NeuroExplorer version 4.0). In this way, elucidation of polarity of dendritic patterning was provided in the coronal plane.
Statistical analysis
We did not perform between-groups ANOVA across the 11 dimensions that were responsible for splitting the sampled neurons into morphological groups. This is due to the fact that Ward's method using Euclidean distance is already an ANOVA-type approach in itself (see also Results). However, because the postclustering data were withheld from the original PCA matrix, it was appropriate to conduct between-groups ANOVA on these "post hoc" data. Similarly, it would also be statistically appropriate to conduct ANOVA-type comparison for the other branch structure parameters that were not selected by the PCA (and therefore were not responsible for splitting the neuronal sample into groups). All of the postclustering pairwise testings are two-tailed independent t-tests, unless otherwise indicated. Statistical significance was set at P < 0.05.
Photomicrograph software and imaging protocol
All photomicrographs were imaged with Picture Frame 2.3 software (Optronics) that comes bundled with Neurolucida 7.5 (MBF Bioscience, Inc.). Photomicrographs were taken under a Microfire (Optronics) camera and processed digitally (color: RBG autowhite-balanced, exposure: 32 msec, contrast: 60, brightness: 50, gamma: 1.0). Acquired color images were imported into Photoshop 7.0 and transformed into a black-andwhite photomicrographs.
RESULTS

Determination of principal components
Our Golgi material produced excellent resolution of dendritic arborization, dendritic spines, and somatic labeling, with minimal background staining artifacts (Fig. 1A-D) . The somatic and dendritic data were derived from 150 reconstructed neurons from layer VI of the adult mouse barrel cortex. In total, 10 somatic and 25 dendritic variables (Table 1) were chosen as candidates for a PCA matrix that determined the parameter(s) that accounted for the greatest degree of variance within the reconstructed cell sample. Among these 35 parameters, total apical dendritic length and mean apical dendritic length significantly overlapped one another (r > 0.9). Other significant overlapping pairs included total apical dendritic surface area and mean apical dendritic surface area (r > 0.9) along with total apical dendritic volume and mean apical dendritic volume (r > 0.9). Mean apical dendritic length, mean apical dendritic surface area, and mean apical dendritic volume, therefore, were removed from the variable list that participated in the PCA. Eleven of the thirty-two variables (italicized in Table 1 ) had absolute loading values greater than or equal to 0.7, and thus were used to separate neurons into specific morphological groups with a subsequent cluster analysis.
Cluster analysis of morphological neuronal classifications
The selected 11 principal components were loaded into a cluster analysis matrix that maximizes between-cluster differences and minimizes within-cluster differences (Ward's method, Euclidean distance). Figure 2 shows the results of a dendrogram, indicating that six distinct groups were categorized based on our objective criteria. Whereas each point on the X-axis is arbitrarily preselected and signifies a neuron, the Y-axis depicts the linkage distance across the 11 dimensions selected; i.e., neurons clustered within the same group share more similarity than neurons in other groups. Two of the strongest splitting factors, total dendritic length and quantity of apical dendrites, were primarily responsible for dividing the reconstructed neurons into six groups. Because of the sum of squares (SS) calculations that were utilized in the cluster analysis, it is inappropriate to use between-groups ANOVA or pairwise testing to contrast the groups for the 11 selected morphological factors (which were responsible for splitting the neurons into groups). Insofar as the cluster analysis itself is already a reversed ANOVA-type approach, performing an ANOVA and/or pairwise testing would be statistically circular.
Group 1: pyramidal neurons with elaborate dendrites
Common features of group 1 (n ‫؍‬ 16 in this group, 10.6% of the total reconstructed population). Group 1 (Fig. 3) 
Group 2: complex interneurons
Common features of group 2 (n ‫؍‬ 8, 5.3%). Length ( (Fig. 5A ) and 3A 1-␤ (Fig. 5B) ‫؍‬ 13, Fig. 5D ), and 3B 2 (n ‫؍‬ 7, Fig. 5E,F) . Subgroup 3B 0 , comprising only two neurons, shared limited morphological characteristics with the rest of subgroup 3B. Therefore, this independent subgroup was separated from the rest of 3B, according to our objective clustering criteria. In comparing the somatic parameters, 3B 1 displayed several significantly higher variables over 3B (Fig. 6A) and 4A 2 (Fig. 6B) . Surprisingly, when comparing the somata between 4A 1 and 4A 2 , no significant differences were found across all 10 somatic variables or in any apical dendritic variables. The only exception was apical dendritic volume, in which neurons in 4A 1 have significantly larger volume than 4A 2 (590.37 m 3 ؎ 89.35 vs. 316.88 m 3 ؎ 65.12). Therefore, it is inferred that the neurons in 4A 1 possess thicker apical dendrites than neurons in 4A 2 . Despite the similarities between 4A 1 and 4A 2 in both somatic and apical dendritic variables, basilar dendritic variables between 4A 1 and 4A 2 were distinctively different. With the exception of basilar dendritic quantity, which yielded no significant difference (P > 0.05), cortical neurons in 4A 1 exhibited greater values in all basilar dendritic parameters comparated with 4A 2 (P < 0.05 for all). The data suggest that, although basilar dendritic quantity may be similar, subgroup 4A 1 has significantly broader spatial processing capacity than 4A 2 when it comes to intralaminar cortical communication.
Subgroup 4B gives rise to three smaller clusters: 4B 1 (Fig.  6C), 4B 2 (Fig. 6D), and 4B 3 (Fig. 6E) Atypically oriented neurons in group 4. Compared with group 1 and group 3 neurons, a high proportion of group 4 neocortical neurons demonstrated an atypical orientation (Fig.  6F) , in which the apical dendrites are pointing horizontally or toward the white matter. Among the 40 observed neurons in group 4, 25% (n ‫؍‬ 10) exhibited atypical orientation, whereas only 12.5% of group 1 (2 of 16) and 2.2% of group 3 (1 of 46) neurons exhibited atypical orientation.
Group 5: large nonpyramidal neurons
Common features of group 5 (n ‫؍‬ 28, 18.6%). Subgroups of group 5. Group 5 can be further divided into two subgroups, 5A (n ‫؍‬ 17, Fig. 7A,B) and 5B (n ‫؍‬ 11, Fig.  7C ). On visual inspection, the morphology of subgroup 5A resembles that of neurons that have been previously described as stellate neurons, whereas subgroup 5B strongly resembles horizontal (bipolar) neurons (Furtak, 2007) . There-fore, it was no surprise that somatic comparison revealed many significant differences, in which subgroup 5A exhibited significantly smaller and less elongated somata than subgroup 5B (somatic perimeter ‫؍‬ 67 (Fig. 7A) and 5A 2 (Fig. 7B) . As previously mentioned, visual examination suggests that both of these two subclusters are stellate neurons compared with the results of prior studies. Quantitative comparison further supported the idea that there are no significant somatic differences between subgroups 5A 1 and 5A 2 (P > 0.25 for all somatic variables). Dendritic comparisons, however, revealed that there are some subtle differences between these subclusters. Specifically, neurons in subgroup 5A 1 displayed a higher number of dendrites (7.75 ؎ 0.49 vs. 5.13 ؎ 0.52, P < 0. ‫؍‬ 3, Fig. 8A), 6B (n ‫؍‬ 6, Fig. 8B), and 6C (n ‫؍‬ 3, Fig. 8C) . Quantitatively, the three subgroups exhibited very few significant differences in somatic variables except for somatic complexity [between-groups ANOVA: F(2,9) ‫؍‬ 4.66, P < 0.05]. A post hoc test using Fisher LSD criterion revealed that the average somatic complexity was significantly lower in subgroup 6B than in subgroup 6C (P < 0.05). Statistical significance was also found for form factor [F(2,9) ‫؍‬ 15.32, P < 0.05], in which Fisher LSD post hoc suggested that subgroup 6B exhibited lower values than both subgroup 6A and subgroup 6C (P < 0.05 for both pairs). Subgroups 6A and 6C, however, did not significantly differ from one another in form factor. In addition, subgroup 6B exhibited lower solidity than subgroups 6A and 6C [F(2,9) ‫؍‬ 6.70, P < 0.05; Fisher LSD post hoc, P < 0.05]. With regard to dendritic components, there were no statistical significances across all three subgroups. To summarize, we have defined six neuronal groups using quantitative and objective data in barrel cortex layer VI.
Results of postclustering analyses
In an attempt to provide additional support for our results, we held back a number of variables from the PCA/cluster analyses. We then performed conventional analyses of variance on these variables using the groups determined by the cluster analysis as the categorical predictor. Our intent was to use these analyses as "post hoc" confirmations of our classification scheme, because it is not possible to assign significance to the results of a cluster analysis.
Systematic replication
To determine the reliability and repeatability of our methodology, we reconstructed an additional 72 neurons and quantified their morphologies exactly as described above. The clustering results that we obtained from our systematic replication were similar to the results of our original clustering. This is especially evident in the similarities in the classification dendrogram (compare Supp. Info. Fig. 1A with Fig. 2) . Our clustering algorithm once again was able to discriminate six morphological classes, and, when we analyzed the distribution of the neurons within these six groups, there was no difference from our original data set [ 2 test of independence, 2 (5, N ‫؍‬ 222) ‫؍‬ 0.805, P ‫؍‬ 0.977]. In addition, the morphological characteristics of this replicated population were also strikingly similar, if not almost identical, to those of our original clustering (compare Supp. Info. Fig. 1B-G with Figs. 3-8 ; see also Supp. Info. Table 1 ). Taken together, the similarities of results between our original and replicated neuronal populations strongly suggested that our clustering scheme is a reliable and valid way of objectively categorizing neurons based on morphological quantifications.
Laminar location
It has been previously demonstrated that neurons in layer VI a differ from those in the VI b (Ferrer et al. 1986 To determine whether traced neurons are located in layer VI, the width of the cortical plate was measured at the midpoint of the reconstructed soma from the pia to the white matter (Fig. 9A) . For each data set, the distance is expressed as a percentage, in which the total distance (from pia to white matter) for that particular data set is 100%. Therefore, we calculated the relative location of the reconstructed neuron. This was done to account for the shrinkage resulting from tissue processing. Neuronal group 6 as well as group 4 displayed the closest relative distance to white matter, followed by group 5 and 2. Groups 1 and 3, composed predominantly of excitatory pyramidal neurons, had the closest relative distance to the pia mater. Figure 9B shows that the different neuronal groups, although overlapping, indeed have their somata located at different cortical depths [Kruskal-Wallis, H(5, N ‫؍‬ 150) ‫؍‬ 14.09, P < 0.05]. Additionally, the most proximal dendritic process in relation to the pia mater was also measured. These data sets are also expressed in percentage form, in which relative location of the most distal dendritic process was obtained and analyzed. Figure 9C depicts the trends of the relative distance from distal dendritic process to the white matter. The present data indicate that group 3 has the closest distal processes to pia, whereas groups 5 and 6 have the farthest. Statistical analyses revealed that each neuronal group indeed demonstrated significant differences in terms of distal dendritic location [Kruskal-Wallis: H(5, N ‫؍‬ 150) ‫؍‬ 38.18, P < 0.001] relative to cortical plate width. In summary, these analyses provided additional support for our classification methodology, insofar as these relative distance data were withheld from the initial PCA/cluster analysis, and statistical significance was still found when postclustering analyses were performed between the neuronal groups.
Sholl analyses
Sholl analyses were utilized to determine the complexity of the traced dendrites. The number of intersections, dendritic spines, and dendritic nodes in 10-m increments away from the soma were calculated as described in Materials and Methods. Figure 10A illustrates how the measurements were made.
Intersections. Figure 10B depicts the number of intersections with the Sholl annuli for each group of their basilar dendrites. Not all groups have definable apical dendrites, so we confined our between-group analyses to nonapical dendrites. The peak number of intersections for all groups is approximately at 30 -50 m away from the soma. In general, group 2 neurons contained significantly more intersections at every distance point, followed by groups 1, 3, 5, 4, and 6. Statistical results (Kruskal-Wallis) indicated that the number of dendritic intersections significantly varied across neuronal groups (P < 0.001), and there is also a significant effect of the distance from the soma (one-way repeated ANOVA, P < 0.001). These differences across neuronal groups were no longer significant at distance points greater than 180 m from the soma, most likely because of the small numbers of basilar dendrites exceeding this length.
Spines. Dendritic spines are the principal sites of excitatory inputs onto cortical pyramidal cells (White, 1989) . During reconstruction of the neurons, the location of the spines was noted, and Figure 10C shows the number of total dendritic (i.e., apical ؉ basilar) spines for each group. Overall, the number of observable dendritic spines peaked at approximately 30 -50 m away from the soma, with group 2 neurons exhibiting the highest number of spines at every distance compared with other groups. Statistical results (KruskalWallis) indicated that the number of dendritic spines significantly varied across neuronal groups (P < 0.001), and a main effect of distance away from the soma was also found (oneway repeated ANOVA, P < 0.001). These differences between groups are no longer significant past the 250 m mark from the soma, mainly because of the small number of dendrites present. In addition, there is a significant difference in the overall, averaged dendritic spine density across the clustered six neuronal groups [Kruskal Wallis, H(5, N ‫؍‬ 120) ‫؍‬ 26.13, P < 0.01]. We corrected the density of spines by taking the accumulated dendritic length into account. Figure 10C (inset) shows that neuronal group 2 exhibited the highest average density of dendritic spines, followed by groups 1, 3, and 4. Group 5, and particularly group 6, displayed very few spines overall.
Nodes. Dendritic nodes are indicators of the complexity of neuronal morphologies (Uyling et al., 1986; Libersat and Duch, 2004). To investigate the variability of dendritic morphology across neuronal groups, we examined the number of nodes as a function of distance from the center of somata. A significant statistical finding suggested that distinct variability of dendritic nodes indeed exists across groups (KruskalWallis, P < 0.01). Although there is a significant effect of distance on the number of dendritic nodes displayed (oneway repeated ANOVA, P > 0.01), very much like dendritic intersections and spines, the differences between groups are no longer significant past the 170 m mark from the soma.
In summary, our Sholl analyses sampled neurons in parameters of dendritic intersections, spines, and nodes. The obtained data were consistent, in that group 2 neurons exhibited the highest values in all surveyed dimensions, followed by groups 1 and 3. The vast number of statistical significances found across multiple zones of concentric spheres as a func- 
Dendritic fanning polarity
With the center of soma as the pivot point, 12 30°pie-shaped regions were created for each neuron. We arbitrarily selected the direction of pia to be 0°, and the direction of inferior/lateral to be 90°. The directions toward the white matter and the superior/ medial path would be 180°and 270°, respectively (Fig. 11A) . Results of polarity analyses revealed that each neuronal group has a unique dendritic fanning pattern (Fig. 11B-G) . For this part of the analysis, atypically oriented pyramidal neurons were excluded in order to preserve the internal consistency and the reliability of the data, especially with regard to the projecting orientation of the apical dendrites.
Group 1 (Fig. 11B) . It is clear that this particular group of neurons exhibited extremely long apical dendrites (shown by dotted line in Fig. 11 ). With the atypically oriented pyramidal neurons (n ‫؍‬ 2) excluded, results of repeated-measure ANOVA followed by Tukey's post hoc criterion revealed that the apical dendrites of this neuronal group have a strong tendency to point toward the pia (0°) [F(11,143) ‫؍‬ 39.50, P < 0.001; post hoc P < 0.01]. Surprisingly, results of the basilar dendritic analysis (shown by solid line) also reached statistical significance [F(11,143) ‫؍‬ 2.10, P < 0.05]. The findings with Tukey's post hoc criterion suggested that these basilar dendrites tend to avoid the 30°and 330°wedges, which are the regions immediately adjacent to 0°, and have a strong tendency to spread in the 180°direction (P < 0.05).
Group 2 (Fig. 11C) . This group of neurons displayed a relatively spherical dendritic fanning pattern, as suggested by Group 3 (Fig. 11D) . Morphologically, this group of cells exhibited morphometric characteristics that are consistent with classical pyramidal neurons. With the atypically oriented pyramidal neuron (n ‫؍‬ 1) excluded, statistical analyses revealed that there is a tendency for the apical dendrites to project toward the pia (0°) as well as a slight predilection for the 30°lateral/inferior direction [F(11,473) ‫؍‬ 133.49, P < 0.001; Tukey post hoc criteria P < 0.05]. The differences in basilar dendritic fanning as a function of geographic polarity are also significant [F(11,473 ‫؍‬ 8.65), P < 0.01]. Results of post hoc analyses using Tukey criterion showed that group 3 neurons exhibit high basilar dendritic fanning in 60°to 240°from pia mater and tend to avoid the 0°, 30°, and 270°regions that the apical dendrites usually occupy.
Group 4 (Fig. 11E) . As previously mentioned, this group exhibited a high percentage ( Group 5 (Fig. 11F) . For this group, there is a significant correlation between dendritic fanning pattern and polarity region [F(11,286) ‫؍‬ 2.87, P < 0.01]. Post hoc criterion using Fisher LSD indicated that, overall, dendrites in this group tend to project in the directions toward 0°, 150°, and 330°(P < 0.05) and to avoid directions toward 30°, 90°, 120°, 180°, 210°, 240°, and 270°(P < 0.05).
Group 6 (Fig. 11G) . Neurons clustered in this particular group exhibited a weak predilection for dendritic projection toward the pia at 0°[F(11,121) ‫؍‬ 3.64, P < 0.01; Fisher LSD post hoc P < 0.05]. Furthermore, there are no predilections for other polarity regions displayed by group 6 neurons.
The results of this postclustering analysis suggest that each distinct neuronal group displayed its own unique dendritic fanning polarity, indicating that perhaps each neuronal group is sampling different inputs. Moreover, they reflect the difference in spatial capacity across classified neuronal group. For example, it can be inferred that group 1 neurons have much better interlaminar processing capacity than group 4 neurons, because of the dramatically higher dendritic length in the 0°d irection. The results also support the validity of our initial morphological classification.
DISCUSSION
The goal of the current research is to understand the cellular components of layer VI of the mouse barrel field. We reconstructed 150 Golgi-impregnated neurons and analyzed 35 morphological variables that included somatic and dendritic factors. By using a PCA followed by a cluster analysis (Ward's method, Euclidean distance), we were able to employ strict and objective morphological criteria to cluster the neurons effectively into six distinct groups.
The reconstructed neurons in the present study fall into two major categories: neurons with and without apical dendrites. Specifically, the neurons clustered in groups 1, 3, and 4 exhibited apical dendritic features, whereas groups 2, 5, and 6 did not. Group 1 neurons are pyramidal neurons with elaborate dendrites, characterized by extensively long overall dendritic length. Group 2 includes complex multipolar and bipolar neurons, which are presumed to be interneurons. These neurons possessed an intricate dendritic fanning pattern and thick dendrites. Group 3 consists of pyramidal neurons with apical dendrites that typically terminate in lower layer IV or upper layer V. Group 4 is composed of simple, small pyramidal neurons that have limited apical and basilar dendritic processes. In addition, a high proportion of group 4 neurons displayed atypical fanning orientation. Group 5 nonpyramidal neurons, based on their somatic properties and lack of apical dendrites, included stellate, bipolar, and horizontal cells. Group 6 contained small neurons with limited dendritic processes. A subgroup of group 6, despite possessing triangular somata, did not present with apical dendritic features. Collectively, the results indicate that a variety of neuronal morphological classes can be quantitatively defined within this heterogeneous layer of the mouse barrel field.
The postclustering analyses strongly support the validity of our initial choice of statistical methods (PCA, followed by a cluster analysis) and therefore suggest that neuronal populations can be quantitatively analyzed and classified with this methodology. Nonparametric statistical procedures (e.g., Kruskal-Wallis) were the tests of choice because of the highly unequal number of cells clustered across neuronal groups. Homogeneity of the relative somata locations indicates that most likely all of the reconstructed neurons were within layer VI. Moreover, cortical plate analyses reveal that the distal dendritic processes of each neuronal group varied significantly, which further supported the validity of our clustering method. The data derived from our Sholl analyses indicate that the neuronal groups differ considerably in all surveyed parameters of dendritic intersections, spines, and nodes. These Sholl results further support the trends of significance across the categorized neuronal groups, suggesting that each neuronal group exhibits its own unique dendritic pattern as the distance from the somata varies. Additionally, analyses of the dendritic polarity also reveal remarkable differences in dendritic fanning pattern across neuronal groups. In summary, these postclustering data provide support for the validity of our initial classifying methodology. Previous studies exploring the neuronal morphologies have also used similar classification techniques (Sultan and Bower, 1998; Tsiola et al., 2003). The finding that each group had distinctly different dendritic architectures and spine densities suggests that they might have different roles in local cortical circuits.
Methodological considerations
In the present study, we treated each case (neuron) independently, and we opted not to use the general linear model that is classically used in regression analyses, where the predictor is "known," which does not apply to our data set, where we were seeking to determine the number of anatomical groups that existed within layer VI of the mouse barrel cortex. By contrast, cluster analysis is designed to assist in the exploratory determination of what groupings exist within a data set without making any prior assumptions. We utilized a PCA as both a data reduction tool and a mechanism for determining what anatomical variables are the most salient in discriminating morphological classes (Cattell, 1966; Jolliffee, 1972 In the present study, we conducted post hoc validation of our clustering results with variables (location within the cortical plate, Sholl analysis, dendritic fanning pattern) that were not put into either the PCA or clustering algorithms, followed by an ANOVA with the groups as the categorical predictor.
Recent studies have demonstrated that the intensity of Golgi impregnation varies as a function of the developmental age of the animals (Furtak et al., 2007) . Specifically, the intensity of impregnation increases as the age of animal increases, such that, by PND15, silver chromate impregnation appears to be complete. Since we chose to use adult mice with ages of ϳPND90, the Golgi impregnation method should completely fill all, or at least nearly all, of the neurons that were reconstructed. Moreover, although they were rare during our neuronal reconstruction phase, when we encountered a neuron that was suspected of being incompletely filled, we discarded that particular neuron from the reconstruction. Therefore, it is very likely that our reconstructed neurons are an extremely accurate reflection of the cellular components in layer VI.
To avoid tracing error, during the reconstruction phase we avoided neurons that clumped together with a high proportion of staining artifacts. It is possible that these neurons exhibited yet another morphological type compared with the neurons presented in the current study. However, technical problems arise from tracing neurons with adjoined cell bodies, because their dendrites are located very closely together, making it difficult to distinguish which dendrite belongs to which neuron. In terms of validity of the sampling, prior studies have suggested that the Golgi staining method has a slight predilection for labeling neurons with larger somata (Pasternak and Woolsey, 1975) . We reconstructed every possible neuron that exhibited complete staining, with the exception of neurons with cut dendrites and neurons that were clumped together. It is important to note that we observed a wide range of somata diameters (small to large) and that, because we did not attempt to predict the relative frequency of the different groups, the Golgi method is well suited for our study. Therefore, our "combing" method of neuronal sampling is most likely an extremely effective and accurate presentation of all Golgilabeled neurons in mouse barrel field layer VI. In conclusion, , 1998; Tsiola et al., 2003) . We followed the progression of these studies' objective and unbiased methodology of characterizing neuronal groups and at the same time performed additional confirmatory and postclustering analyses to support the validity of our neuronal categorization results. It is important to note that our quantitative method still allowed the neurons with similar phenotype to be clustered in the same group or subgroup, as if they were qualitatively grouped together. This further supports the validity of our methodology, in that the human element of bias is removed, yet we were still able to classify the neurons based on their morphology efficiently. Additionally, our data indicate that the density of spines significantly differs across the classified neuronal groups. Insofar as the spine data were withheld from the initial PCA and cluster analysis, our significant findings in the postclustering analysis strongly support the validity of our methodological choice. Layer VI of the mouse cortical system may be different from that of other mammals, such as felines (Prieto and Winer, 1999) and primates (Brigs and Callaway, 2001). The overall results of the current study indeed had some discrepancies compared with these prior studies. For instance, Briggs and Callaway (2001) found several distinct subgroups of neurons with apical dendrites extending well beyond layer IV in the primary visual cortex. Prieto and Winer (1999) observed horizontal cells with very elaborate dendritic patterning in the primary auditory cortex, whereas we saw the same neurons with less elaborate dendritic arborizations. It is likely that the mouse barrel system required adaptations different from those for these other mammals. It is also possible that the observed discrepancies are correlated with the differences in perceptual modality between studies.
Functional implications
Neocortical layer VI provides important feedback to the thalamus and layer IV and, therefore, plays a crucial role in gating/modulating sensory information. This in turn influences sensational and perceptual experiences in general. It is highly probable that the differences in cellular morphology are correlated with different cortical roles, as well as different microcircuits. For instance, the larger dendritic fields of group 2 suggest that they may integrate information from a greater part of its associated cortical column than neurons from groups 4 and 6, which have more confined dendritic trees. Our spine density analyses can be used as a possible correlate of the number of synaptic inputs that a specific neuronal class generally receives, and, based on that analysis, group 2 neurons receive the greatest density of neuronal inputs. By applying the size principal (Fromm and Evarts, 1981) , it may be inferred that the larger pyramidal neurons (e.g., group 1) are more difficult to recruit to fire than pyramidal neurons with
